Since central activation of A1 adenosine receptors (A1ARs) plays an important role in the induction of the hypothermic and hypometabolic torpid state in hibernating mammals, we investigated the potential for the A1AR agonist N6-cyclohexyladenosine to induce a hypothermic, torpor-like state in the (nonhibernating) rat. Core and brown adipose tissue temperatures, EEG, heart rate, and arterial pressure were recorded in free-behaving rats, and c-fos expression in the brain was analyzed, following central administration of N6-cyclohexyladenosine. Additionally, we recorded the sympathetic nerve activity to brown adipose tissue; expiratory CO 2 and skin, core, and brown adipose tissue temperatures; and shivering EMGs in anesthetized rats following central and localized, nucleus of the solitary tract, administration of N6-cyclohexyladenosine. In rats exposed to a cool (15°C) ambient temperature, central A1AR stimulation produced a torpor-like state similar to that in hibernating species and characterized by a marked fall in body temperature due to an inhibition of brown adipose tissue and shivering thermogenesis that is mediated by neurons in the nucleus of the solitary tract. During the induced hypothermia, EEG amplitude and heart rate were markedly reduced. Skipped heartbeats and transient bradycardias occurring during the hypothermia were vagally mediated since they were eliminated by systemic muscarinic receptor blockade. These findings demonstrate that a deeply hypothermic, torpor-like state can be pharmacologically induced in a nonhibernating mammal and that recovery of normothermic homeostasis ensues upon rewarming. These results support the potential for central activation of A1ARs to be used in the induction of a hypothermic, therapeutically beneficial state in humans.
Introduction
Mammals that are capable of natural torpor cope with the harsh environmental conditions of food scarcity combined with cold exposure by drastically reducing their core body temperature (TCORE) and their metabolic energy requirements (Melvin and Andrews, 2009) . The neural and humoral mechanisms that trigger and maintain this hypothermic torpid state and that reset cellular and organismal homeostasis to allow survival during the deep hypothermia characteristic of torpor and hibernation remain largely unknown (Geiser, 2004) . However, a renewed interest in the potential to induce a hypothermic, hypometabolic state in nonhibernating mammals, including humans, has been sparked by the therapeutic benefits accruing if a sustained hypothermia, and the accompanying marked reductions in cellular metabolism and oxygen demand, can be applied in the immediate period following cardiac or brain ischemia (Zhao et al., 2007; Yenari and Han, 2012) .
As a direct byproduct of ATP metabolism, adenosine could provide a measure of an organism's overall metabolic state and has been an attractive candidate for triggering the hypometabolic torpid state. Indeed, central A1 adenosine receptor (A1AR) activation is necessary for the induction and maintenance of natural torpor (Jinka et al., 2011; Iliff and Swoap, 2012) , and central administration of adenosine 5Ј-monophosphate (AMP) elicits a marked, A1AR-dependent hypothermia in mice (Muzzi et al., 2013) . Although expressed throughout the CNS, adenosine receptors are strongly localized in the intermediate nucleus of the solitary tract (iNTS) (Carrettiero and Fior-Chadi, 2004; Pickel et al., 2006) , the primary termination site of visceral afferents controlling cardiovascular, respiratory, gustatory, and metabolic function (Andresen and Kunze, 1994; Grill and Hayes, 2012) . Indeed, the iNTS has received considerable attention for its role in the regulation of body temperature and metabolism (Székely, 2000; Cao et al., 2010; Grill and Hayes, 2012; Kong et al., 2012) and iNTS neurons are in a unique position to integrate central and peripheral energy-related signals (Blevins et al., 2004) .
Fundamental to the induction and maintenance of a deeply hypothermic state is an abrogation of the cold-defense mechanisms of thermogenesis and cutaneous vasoconstriction (Sessler, 2009) . Although indirect indices support a potential role for an active suspension of cold-defensive brown adipose tissue (BAT) and shivering thermogenesis in the induction and maintenance of torpor (Cannon and Nedergaard, 2004) , this has not been directly demonstrated. Since A1AR activation plays a key role in torpor induction, we tested the hypothesis that activating A1ARs in the rat CNS could trigger a hypometabolic and a torpor-like state in this nonhibernating species. From measurements of the thermal effectors, BAT and shivering thermogenesis, and cutane-ous vasoconstriction, and of cardiovascular variables and the EEG, we demonstrate that central administration of an A1AR agonist can, indeed, induce a hypothermic, hypometabolic, torpor-like state in the rat. We also identified the iNTS as the brain region responsible for the central A1AR-mediated inhibition of the cold-defensive thermogenesis that allows the body core temperature to fall.
Materials and Methods

Animals
Male Wistar rats (300 -400 g; Charles River Laboratories) were maintained in a standard 12 h light/dark cycle (light on at 9:00 A.M.) with ad libitum access to standard chow and water. Experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals, Eighth Edition (National Research Council, National Academies Press, 2010) and protocols were approved by the Institutional Animal Care and Use Committee of Oregon Health & Science University.
Surgical procedure for physiology and c-fos anatomical experiments
Rats were anesthetized with 2% isoflurane in 100% O 2 and placed in a stereotaxic frame with the incisor bar positioned Ϫ4 mm below interaural zero. A burr hole was drilled through the parietal bone and an intracerebroventricular guide cannula (guide, C315G-26GA; internal, C315I-33GA; PlasticsOne) was positioned in the left lateral ventricle (bregma, Ϫ2 mm; 1.6 mm lateral to the midline; dura, Ϫ4 mm) and secured to the bone with screws and dental acrylic. Reflux of CSF from the guide cannula verified the correct placement of the intracerebroventricular cannula. A burr hole was drilled through the interparietal bone and 120 nl of the neuronal retrograde tracer, cholera toxin subunit B (CTb, 1 mg/ml), was pneumatically ejected from a glass pipette (30 m tip) stereotaxically positioned in the rostral raphe pallidus (rRPa; lambda, Ϫ3 mm; 0.0 mm lateral to the midline; dura, Ϫ9.2 mm). A temperature recording device (IPTT-300, Bio Medic Data Systems) was implanted in the interscapular BAT and EKG needle electrodes were placed subcutaneously near the axilla.
Surgical procedure for BAT sympathetic nerve activity recording and shivering experiments
Rats were anesthetized initially with 3% isoflurane in 100% O 2 and transitioned to urethane (0.8 g/kg) and chloralose (80 mg/kg) following cannulation of a femoral artery and vein. Heart rate (HR) was derived from the femoral arterial pressure (AP) signal. Animals were positioned prone in a stereotaxic frame with the incisor bar Ϫ11 mm below interaural zero and a spinal clamp installed on the T10 vertebra to maintain the spine in a rigid and elevated position that provides (1) a constant and horizontal positioning of the caudal brainstem, (2) an optimal oil pool within which to record BAT sympathetic nerve activity (SNA), and (3) a reduced potential for respiratory-related artifacts in the BAT SNA recording. The medial portion of the occipital bone was removed and the atlantooccipital membrane was opened to visualize the calamus scriptorius at the caudal tip of the fourth ventricle. Rats were paralyzed with D-tubocurarine (0.3 mg initial dose, 0.1 mg/h supplements) and artificially ventilated via a tracheal cannula with 100% O 2 (60 -70 cycles/min, tidal volume 3-3.5 ml). Small adjustments in minute ventilation were made to maintain basal mixed-expired CO 2 levels between 3.0 and 4.5%. Thermocouples (Physitemp Instruments with Sable Systems International meter) were placed on the shaved abdominal skin to measure skin temperature (TSKIN) beneath a water-perfused blanket wrapped around the rat's trunk, 6 cm into the rectum to measure TCORE, and into the medial aspect of the left interscapular BAT (iBAT) pad to measure BAT temperature (TBAT). TCORE was maintained at ϳ37°C by perfusing the water blanket with warm water. As required for specific experimental protocols, TSKIN and TCORE were adjusted by changing the temperature of the water perfusing the thermal blanket: cooling elicited a basal BAT SNA and warming inhibited BAT SNA via stimulation of skin thermal receptors (Morrison et al., 2008) .
Postganglionic BAT SNA was recorded from the central cut end of a small nerve bundle dissected from the ventral surface of the right iBAT pad after dividing the fat pad along the midline and reflecting it laterally.
Nerve activity was recorded with bipolar hook electrodes, filtered (1-300 Hz), and amplified (20,000ϫ; Cyberamp 380, Molecular Devices). Evoked nerve potentials following electrical stimulation of the sympathetic premotor neurons in rRPa (relative to calamus scriptorius: ϩ3.0 mm anterior, 0.0 mm lateral, Ϫ2.5 mm ventral) verified the viability of the isolated BAT nerve.
The surgical preparation for experiments in which shivering EMGs were recorded was similar to that for BAT SNA recordings except for the following. Rats were anesthetized initially with 3% isoflurane in 100% O 2 and transitioned to a continuous intravenous infusion of inactin (85 mg/ml at 0.2 ml/h). Rats were artificially ventilated but were not paralyzed to preserve the recording of the EMGs. EMGs were recorded with bipolar electrodes inserted into the nuchal (neck), masseter (jaw), and left gastrocnemius (leg) muscles.
Surgical procedure for experiments in awake, free-behaving rats
Rats were anesthetized with 2% isoflurane in 100% O 2 and implanted with electrodes for chronic recordings of the EEG (reference electrode through the frontal bone, active electrode through the parietal bone), the nuchal EMG, and the EKG. Miniature thermistors (NTC surface mount thermistor, NB21L00223JBB, Farnell) were implanted for recording TBAT (from iBAT) and TCORE (from the mediastinic cavity). A telemetric sensor (PA-C40, Data Sciences International) was placed in the femoral artery for AP recording and a microcannula in the lateral ventricle for intracerebroventricular injection of drugs. EKG electrodes were positioned on the xiphoid process and in the mediastinic cavity (Sgoifo et al., 1996) . All electrode wires were tunneled subcutaneously and connected to a 12-pin electronic connector, which, along with the intracerebroventricular guide cannula, was secured to the skull with screws and dental acrylic.
At the end of the surgical procedure, rats were treated with buprenorphine (0.1 mg/kg), penicillin G (40 kilounits/kg) and hydrated with isotonic saline (5 ml, s.c.). Each rat recovered for 7 d in a temperature-controlled recording chamber at a thermocouple-measured ambient temperature (TAMB) of 25°C, received daily meloxicam (1 mg/kg orally) for 5 d to reduce postsurgical inflammation, and was acclimated to the recording tether for the 2 d before the experimental recording sessions.
Drug injection procedure
Intraparenchymal nanoinjections of drugs were accomplished via glass micropipettes (outer tip diameter, 20 -30 m) and were given over 5-10 s, using a pressure injection system (model IIe, Toohey) allowing nanoinjection volumes (60 or 120 nl) to be determined from the displacement of the fluid meniscus in the micropipette. For multiple nanoinjections at the same site, the micropipette was retracted vertically, emptied, rinsed with saline, refilled, and then repositioned to the original dorsoventral coordinate. The microinjection sites were marked by pressure microinjection of fluorescent polystyrene microspheres (1:10 dilution of FluoroSpheres, F8797, F8801, or F8803, Invitrogen). After physiological recordings, rats were perfused transcardially with 0.9% isotonic saline, followed by 4% paraformaldehyde in PBS. The brains were removed, postfixed (2 h), equilibrated overnight in 20% sucrose and 0.01% sodium azide, and sectioned (30 m coronal sections) to localize the fluorescent spots indicating the centers of the injection sites. All the coordinates used for the brain intraparenchymal injections were adapted from a rat brain atlas (Paxinos and Watson, 2007) .
For intracerebroventricular injections, the internal cannula was connected to a 25 l gas-tight syringe (Hamilton) positioned in the implanted guide cannula. Over 2 min, 5 l of drug solution was injected into the lateral ventricle. For the intracerebroventricular and intraperitoneal injections in the free-behaving preparation, the rat was disconnected from the recording apparatus and removed from the recording chamber. The intracerebroventricular injection procedure performed in Ͻ5 min with minimal stress to the rat, and the rat was immediately returned to the recording chamber for continued data acquisition.
Drugs
N6-cyclohexyladenosine (CHA; Sigma-Aldrich) was dissolved in isotonic saline to a concentration of 1 mM. Meanwhile, 8-cyclopentyl-1,3-dimethylxanthine (CPT; Sigma-Aldrich) was treated with 100 mM NaOH and then diluted in 10 mM PBS to a final concentration of 3 mM. CHA and CPT were chosen for these studies based on their high affinities for A1ARs. The GABA A receptor agonist muscimol (1 mM) and the NMDA receptor agonist NMDA (0.2 mM) were obtained from Tocris Bioscience and diluted in isotonic saline. Atropine (Sigma-Aldrich) was dissolved in sterile isotonic saline at the concentration of 1 mg/ml and administered intraperitoneally at a dose of 1 mg/kg.
Anatomy
Serial coronal sections (30 m) were cut on a freezing-stage microtome, collected sequentially in six sets, and stored in PBS with 0.01% sodium azide at 4°C. Sections containing the NTS region of the brainstem from bregma Ϫ12 to Ϫ15 mm were preincubated in an antibody dilution solution (ADS; 500 ml of PBS, 0.3% Triton X-100, 1.25 g of carrageenan, 100 mg of NaN3, 5 ml of normal donkey serum) for 3 h and incubated overnight at room temperature with the primary antibodies for c-fos (1:10,000, rabbit anti-c-fos; PC38, Calbiochem) and tyrosine hydroxylase (TH, 1:1500, mouse-anti-TH; 22941, ImmunoStar). A separate set of tissue containing NTS coming from the same group of treated rats (n ϭ 4) was incubated overnight at room temperature with the primary antibody for CTb (1:20,000, Goat anti-CTb; 703, List Biological Laboratories). After two washes in PBS containing 0.3% Triton X-100 (TPBS, 20 mM), the tissue was incubated for 1 h in ADS containing the secondary antibody for c-fos (1:500 AlexaFluor 594-donkey-anti-rabbit; A21207, Invitrogen). After two washes in TPBS, the tissue was incubated for 1 h in ADS containing the secondary antibody for TH (1:500, AlexaFluor 488-donkey-anti-mouse; A21202, Invitrogen). A separate set of tissue treated with the primary antibody for CTb was incubated for 1 h in ADS containing the secondary antibody (1:500, AlexaFluor 488-donkey-antigoat; A11055, Invitrogen). After fluorescent labeling, the tissue was washed in PBS and mounted onto coated slides, air dried, and coverslipped with antifade mounting medium (Pro-Long Gold, Invitrogen).
Tissue analysis
The neuroanatomical localization of c-fos-positive, TH-positive, and CTb-positive neurons is based on a stereotaxic rat brain atlas (Paxinos and Watson, 2007) . Photomicrographs of brain sections and labeled neurons in the NTS area were taken, for green and red fluorescence, with a camera attached to an Olympus BX51fluorescence microscope. The photomicrographs were assembled into a plate using Adobe Photoshop to adjust contrast and brightness without altering the original colors. Photomicrographs for each section for each rat were resized with Adobe Illustrator CS5.1 to match the dimension of the appropriate Paxinos atlas drawing (Paxinos and Watson, 2007) . The counting of the c-fosimmunoreactive (c-fos-ir), TH-immunoreactive (TH-ir), and CTbpositive neurons was performed by an operator unaware of the treatment that the rat received. The counting box (see Fig. 4 ) was designed to contain the main portion of NTS at the different coronal levels from bregma Ϫ15.00 to Ϫ13.56 mm. We excluded from the counting the ependymal and periventricular c-fos-ir cells, even when they fell inside the counting box. For the statistical comparison, counts on the left and right sides of NTS were summed.
Data acquisition
BAT SNA (1-300 Hz, 1 kHz), TBAT (5 Hz), TCORE (5 Hz), TSKIN (5 Hz), paw temperature (TPAW; 5 Hz), expired CO 2 , AP (200 Hz), EEG (0.1-30 Hz, 500 Hz), EKG (10 -300 Hz, 1 kHz), EMG (10 -300 Hz, 5 kHz), and stimulus trigger pulse signals were filtered and digitized (Cyberamp, Molecular Devices; Micro 1401 MKII, Cambridge Electronic Design) and recorded onto a computer hard drive for subsequent analysis (Spike 2, Cambridge Electronic Design). For the BAT SNA, EMG, and EEG, continuous measures (4 s bins) of signal amplitudes were calculated as the root mean square (rms) value of the BAT SNA (square root of the total power in the 0.1-20 Hz band), EMG (square root of the total power in the 0.1-500 Hz band), and EEG (square root of the total power in the 0.5-5 Hz for the ␦ frequency band and 5-9 Hz for the frequency band) from the autospectra of sequential 4 s segments for each signal.
Data and statistical analysis
To examine the effects of drug treatments, BAT SNA was normalized to the minimum BAT SNA, recorded under warm conditions (i.e., TCORE Ͼ37°C), and expressed as percentage control. In Experiment 5, BAT SNA was normalized to the maximum BAT SNA recorded during skin cooling, and expressed as a percentage of this cold-evoked BAT SNA. In Experiment 5, the increases in the mean EMG amplitudes during the 2 min window at the peak of the cooling response were normalized to the mean EMG amplitudes during the 2 min window before skin cooling, and expressed as percentage increase above this control. For the EEG in free-behaving rats, the amplitudes of the ␦ and frequency bands were calculated in a 1 h window at the nadir of the CHA-evoked hypothermia, were normalized to the mean respective frequency band amplitudes calculated from the entire 24 h of EEG recording during the baseline day, and are expressed as percentage increase above the baseline day control amplitudes. For all variables except the EEG, the data were averaged into 30 s bins for group data analyses and group data are means Ϯ SEM.
All statistics were performed using Prism software (Version 6, GraphPad Software). Data were considered normally distributed if positive results were obtained using the D'Agostino and Pearson omnibus normality test. Statistical results with p Ͻ 0.05 were considered significant. Post hoc analyses for multiple comparisons were calculated using the Bonferroni correction and corrected p values are reported for each comparison. For Experiment 1 (Fig. 1B) , the statistic comparison was made using a t test, after calculating the contribution of the effect of the treatment at each time point considered for the analysis. The statistical comparisons between baseline and post-CHA values and between baseline and saline recording days were performed at the injection time, at the nadir of the effect, and at the end of the recording day, and p values were corrected for six comparisons. The differences in the power spectra after the CHA treatment ( Fig. 1C) were tested by using one-way repeatedmeasure ANOVA. For Experiments 2 (Fig. 2) , 3 ( Fig. 3B-D) , and 5 (see Fig. 6 ), the statistical significance was assessed using a one-tailed, paired t test after testing the data for normality. For each variable, statistical comparisons were made between the 1 min baseline period before the injection and the 1 min window at the peak or nadir of the treatmentevoked effect. In Experiment 4 (Fig. 4A) , the non-normally distributed data were compared using the Friedman nonparametric test to show differences within the treatment groups. Point-by-point comparisons between treatment groups were performed using the nonparametric Mann-Whitney test for unpaired, one-tailed data. p values were not corrected for multiple comparisons. For the c-fos counting (Fig. 4B ), a two-way repeated-measure ANOVA test was used to determine the effect of the treatment and the distribution within the brain sections. In Experiments 6 (see Fig. 7 ) and 7 (see Fig. 8 ), the significance of the effect of each treatment was tested using a one-way, repeated-measure ANOVA.
Experimental protocols Experiment 1: intracerebroventricular injection of CHA in free-behaving rats.
The experimental protocol consisted of a baseline day of recording at a TAMB of 25°C, followed by the treatment day in which, at 9 A.M., the TAMB was reduced to 15°C and the rats (n ϭ 4) received an intracerebroventricular injection of CHA (5 l, 1 mM) after 1 h at TAMB of 15°C. The changes in TAMB occurred within 10 min of changing the recording chamber temperature setting. Six hours after the drug injection, the TAMB was set to 28 Ϯ 1°C for the next 18 h, after which it was returned to 25°C for 2 d of recovery recording (Recovery 1 and 2). Subsequently, this protocol was repeated, with the same series of TAMB changes, with a baseline day of control recording followed by a treatment day with an intracerebroventricular injection of saline vehicle (5 l), followed by a recovery day.
Experiment 2: atropine injection in free-behaving rats treated with an intracerebroventricular injection of CHA. The experimental protocol consisted of a baseline day of recording at temperature TAMB of 25°C, followed by the treatment day in which, at 9 A.M., the TAMB was reduced to 15°C and the rats (n ϭ 4) received an intracerebroventricular injection of CHA (5 l, 1 mM) 1 h after the TAMB was changed from 25°C to 15°C. Each rat received an injection of atropine (1 mg/kg i.p.) ϳ1 h after the occurrence of the first skipped heartbeats. Data were collected for the rest of the day until the rat recovered from the hypothermic state.
Experiment 3: intracerebroventricular injection of CHA in anesthetized rats. Under 2% isoflurane, one group of rats (n ϭ 12) received an intracerebroventricular injection of CHA (5 l, 1 mM), under warm (n ϭ 6) or cold skin conditions (n ϭ 6). TCORE, TSKIN, TPAW, and HR (derived from the EKG) were measured during this protocol. An additional group of rats (n ϭ 5), anesthetized with urethane/chloralose, received an intracerebroventricular injection of CHA (5 l, 1 mM) while recording BAT SNA, TBAT, expiratory CO 2 , AP, and HR.
Experiment 4: c-fos expression following intracerebroventricular CHA. After a week of recovery from the implantation of an intracerebroventricular microcannula and iBAT temperature probe, rats (n ϭ 12) were housed in a controlled environmental chamber kept at a TAMB of 25°C. On the day of the experiment, the TAMB was lowered to 15°C and the rats were kept at this TAMB for 2 h before receiving an intracerebroventricular injection of either saline (5 l, 154 mM, n ϭ 6) or CHA (5 l, 1 mM, n ϭ 6), until the termination of the experiment. The temperature of iBAT was obtained every 15 min for the 60 min before drug injection and then at 5, Figure 1 . Central activation of A1AR produces a torpor-like state in rat. A, Representative recordings from a single rat during three, 24 h periods: baseline (no treatment), following intracerebroventricular injection of CHA (Inj, gray dashed line), and following intracerebroventricular injection of saline (Inj, gray dashed line). TAMB, measured with a thermocouple within the recording chamber, was 25°C during the baseline day. During the treatment days, TAMB was initially 15°C (cooling, black dashed line) and was increased to 28°C (rewarming, black dashed line) at 6 h after intracerebroventricular CHA and after intracerebroventricular saline. i-iv, Representative recordings of skipped heartbeats and transient bradycardic events, often associated with nucal muscle contraction, at the entrance, nadir, and early and late recovery times (A, blue dotted lines) of the hypothermia produced by the CHA treatment. AP, Pulsatile arterial pressure; MAP, mean arterial pressure; L, light phase; D, dark phase. B, 24 h time courses of the physiological variables during the baseline day (light gray), following intracerebroventricular CHA (black) and following intracerebroventricular saline (SAL, dark gray). Data are means Ϯ SEM (n ϭ 4). *p Ͻ 0.05 [comparing the values at the time (gray vertical bar) of the maximal effect of intracerebroventricular CHA with those at the same interval after intracerebroventricular saline]. Red vertical bar indicates the time of the onset of the rewarming period in TAMB. C, Normalized (to mean band amplitudes during the 24 h of the baseline day EEG) amplitudes of ␦ and bands of the EEG during the 1 h period of the maximal effect of the intracerebroventricular CHA and same 1 h period on other days. The normalized rms amplitudes of the ␦ and bands after intracerebroventricular CHA were reduced from those on the baseline day. Data are means Ϯ SEM. *p Ͻ 0.05 (comparing intracerebroventricular CHA and baseline).
15, 30, 45, 60, and 75 min after the injection. A subset of these rats (saline, n ϭ 4; CHA, n ϭ 4) was anesthetized with sodium pentobarbital (100 mg/kg, i.p.) at 2 h after the injection, perfused with saline followed by 4% paraformaldehyde, and the brains were removed, postfixed in 4% paraformaldehyde for 12 h, cryoprotected in 30% sucrose for 12 h, sectioned, and processed for immunohistochemical localization of c-fos, TH, and CTb.
Experiment 5: sequential nanoinjections of CHA and muscimol in NTS. Under urethane-chloralose anesthesia, rats (n ϭ 8) received bilateral intraparenchymal nanoinjections of CHA (60 nl, 1 mM) in the iNTS (relative to calamus scriptorius: 0.5 mm rostral, 0.4 mm lateral, and 0.4 mm ventral). We measured the effect of the drug injection on BAT SNA, TBAT, TCORE, TPAW, TSKIN, AP, HR, and expiratory CO 2 for 20 min following the first injection. Twenty minutes after the injection of CHA, five of the eight rats received bilateral nanoinjections of muscimol (60 nl, 1 mM) into the iNTS.
Experiment 6: injection of CPT in NTS. Under urethane-chloralose anesthesia, rats (n ϭ 4) received sequential (separated by 10 min) bilateral nanoinjections into the iNTS of saline (60 nl, 154 mM), CPT (60 nl, 3 mM), CHA (60 nl, 1 mM), and NMDA (60 nl, 0.2 mM) in the iNTS. The CPT nanoinjections into iNTS were repeated and followed by an intracerebroventricular injection of CHA (5 l, 1 mM).
Experiment 7: nanoinjection of CHA in iNTS inhibits shivering. Under inactin anesthesia, rats (n ϭ 4) whose TCORE was maintained Ͻ37°C received sequential episodes of skin cooling to elicit increases in EMGs characteristic of shivering (Nakamura and Morrison, 2011). Between successive bouts of skin cooling, rats were treated with bilateral nanoinjections of saline (60 nl, 154 mM) or CHA (60 nl, 1 mM) into the iNTS while monitoring neck, jaw, and leg EMGs, TBAT, TCORE, TPAW, TSKIN, AP, and HR.
Results
Central A1AR activation induces a torpor-like state in the rat
In chronically instrumented, awake, free-behaving rats maintained in a TAMB of 15°C, intracerebroventricular injection (5 l, 1 mM) of the A1AR agonist CHA consistently produced a rapid fall in HR [Ϫ213 Ϯ 46 beats per minute (bpm), t (3) ϭ 4.6, p ϭ 0.009], followed closely by steady declines in TBAT (Ϫ10.3 Ϯ 1.1°C, t (3) ϭ 8.7, p ϭ 0.0016) and TCORE (Ϫ10.3 Ϯ 1.2°C, t (3) ϭ 8.4, p ϭ 0.0017), increases in mean AP (ϩ39.5 Ϯ 6 mmHg, t (3) ϭ Ϫ6.4, p ϭ 0.003), and more slowly developing reductions in EEG amplitude, all of which were maintained in an apparent steady-state condition throughout the 6 h period of exposure to a TAMB of 15°C (Fig. 1 A, B) . Relative to those occurring at the same time after intracerebroventricular injection of saline vehicle (SAL), intracerebroventricular injection of CHA evoked dramatically reduced minimum values (nadir ϳ4 h postinjection) of TCORE (26.7 Ϯ 0.9°C post-CHA vs 37.2 Ϯ 0.6°C post-SAL), TBAT (26.9 Ϯ 1.6°C post-CHA vs 36.8 Ϯ 0.4°C post-SAL), and HR (171 Ϯ 42 bpm post-CHA vs 361 Ϯ 15 bpm post-SAL; Fig. 1B) . The physiological variables at the starting and ending times of each of the 3 recording days were not different among the baseline, CHA treatment, or SAL treatment.
Superimposed on the bradycardia elicited by intracerebroventricular CHA were repeated bouts of irregular HR, characterized by skipped heartbeats (Fig. 1 A, ii-iv) and transient bradycardias, similar to those described during the onset of torpor hypothermia in 13-lined ground squirrel (Lyman, 1961; Lyman and O'Brien, 1963) . At the nadir of the intracerebroventricular CHA- evoked hypothermia, the skipped heartbeats occurred frequently, causing a "saw-tooth" appearance to the pulse pressure (Figs. 1A, iii, 2, i, ii) as also described during natural torpor (Lyman, 1961; Lyman and O'Brien, 1963; Jinka, 2012) . As the HR returned to control values during the recovery phase, skipped heartbeats were often associated with nucal muscle contraction and were always followed by long periods of bradycardia (Fig. 1A, iii, iv) .
Intracerebroventricular CHA resulted in a modification of the EEG and disruption of the ultradian sleep-wake cycle such that both rapid eye movement (REM) and non-REM (NREM) phases were absent. The amplitudes of both the and ␦ frequency bands of the EEG were markedly reduced-an EEG pattern different from that of an NREM or a wake state. At the nadir of the reduction in EEG amplitude following the intracerebroventricular administration of CHA, the rms amplitude of the ␦ frequency band (0.5-5 Hz) of the EEG was significantly reduced (Ϫ34 Ϯ 10.5%, t (15) ϭ 3.246, p ϭ 0.027) compared with that during the same time period on the baseline day. The frequency band (5-9 Hz) of the EEG was almost abolished following intracerebroventricular CHA, with the rms amplitude falling by Ϫ84.8 Ϯ 5.0% (t (15) ϭ 17.0, p Ͻ 0.0001) compared with that during the same time period on the baseline day (Fig. 1C) . Following the day on which rats receivedintracerebroventricular CHA, 2 d of recovery preceded the intracerebroventricular SAL day and the post-SAL recovery day. By the first day after intracerebroventricular CHA (Fig. 1C,  Recovery 1) , the rms amplitudes of both the ␦ band (ϩ27.9 Ϯ 10.5%, t (15) ϭ 2.655, p ϭ 0.09) and the band (ϩ3.6 Ϯ 5.0%, t (15) ϭ 0.7105, p Ͼ 0.9) of the EEG were not different from those on the baseline day. Similarly, on the second recovery day, all physiological variables, including EEG amplitude (Fig. 1C, Recovery 2) , TCORE, TBAT, HR, and AP were stable and were not different from those on the baseline day (data not shown). Moreover, the sleep behavior of the rats had recovered, as highlighted by the reappearance of normal wake-sleep cycles (wake, NREM, and REM). Compared with the baseline day, intracerebroventricular SAL did not affect the EEG amplitude (Fig. 1C) , which also was not different from baseline on the post-SAL recovery day (Fig. 1C , post-SAL).
Intracerebroventricular CHA induced a behavioral state with almost no motor activity and a minimal responsiveness to stimuli, such as sudden noise or innocuous tail pinch. CHA-treated rats did not eat or drink, but urinated occasionally. During the rewarming and throughout their return to euthermia, rats showed normal motor behaviors, drank abundantly, and showed no signs of stress, such as porphyrin accumulation around the eyes. The rats appeared to recover completely from the episode of deep hypothermia, with no obvious differences in behavior or physiological variables between the baseline day and the 2 recovery days, or in the 1 week of observation following the experimental protocol. Curiously, despite having used a larger dose of CHA than in an earlier study in ground squirrels (Jinka et al., 2011) , the recovery of the physiological variables began shortly after increasing the TAMB from 15 to 28°C, suggesting that the recovery was triggered by skin warming rather than by a waning effectiveness of the central CHA.
Atropine eliminates the skipped heartbeats and transient bradycardias induced by the central activation of A1ARs
We determined the role of the vagal input to the heart in the skipped heartbeats and transient bradycardias that occurred after the central activation of A1ARs. In chronically instrumented, free-behaving rats maintained in a TAMB of 15°C, intracerebroventricular injection (5 l, 1 mM) of the A1AR agonist CHA produced a reduction in HR accompanied by skipped heartbeats (Fig. 2, i ) and transient bradycardic episodes (Fig. 2, i, ii) . One hour after the onset of skipped heartbeats, atropine (1 mg/kg, i.p.) completely abolished both the skipped heartbeats ( Fig. 2, iii; 17 Ϯ 3 skipped heartbeats/h before atropine vs 0 skipped heartbeats/h after atropine, t (3) ϭ 5.422, p ϭ 0.0062) and the associated transient bradycardias (compare Fig. 2, i-iii) , which remained suppressed throughout the duration of the hypothermic bout and during the recovery phase.
Central A1AR activation inhibits BAT thermogenesis and increases cutaneous vasoconstriction
To determine whether a central A1AR-mediated inhibition of BAT SNA and BAT thermogenesis contributed to the dramatic hypothermia evoked by intracerebroventricular CHA (Figs. 1A,  3A) , CHA was injected intracerebroventricularly in urethaneanesthetized Wistar rats while recording BAT SNA from small BAT nerve bundles dissected from the ventral surface of the interscapular BAT pad (Tupone et al., 2011; . With the skin cooled to maintain TCORE Ͻ36°C and thereby elicit a basal, thermoregulatory level of BAT SNA, intracerebroventricular administration of CHA (5 l, 1 mM) evoked a marked bradycardia (baseline HR 417 Ϯ 18 bpm, nadir of 330 Ϯ 25 bpm, t (4) ϭ 5.746, p ϭ 0.0023) followed by a reduction in BAT SNA (Fig. 2 A, B ; Ϫ56 Ϯ 10% of preinjection control, t (4) ϭ 4.158, p ϭ 0.0071) and an ensuing fall in TBAT (baseline 34.3 Ϯ 0.6°C, nadir of 33.3 Ϯ 0.7°C, t (4) ϭ 3.196, p ϭ 0.0165), and expired CO 2 , an indirect indicator of overall metabolism (baseline 4.5 Ϯ 0.6%, nadir of 3.8 Ϯ 0.4%, t (4) ϭ 2.986, p ϭ 0.02).
To determine whether a cutaneous vasoconstriction contributed to the increase in mean AP following intracerebroventricular CHA (Fig. 1 A, B) and because a reduced cutaneous heat loss is a characteristic of hibernation and torpor (Lyman, 1961; Geiser, 2004) , we observed the changes in TPAW, an indirect indicator of skin blood flow, after intracerebroventricular CHA in isofluraneanesthetized rats with TCORE maintained in a cool and in a warm condition. With skin cooling and TCORE Ͻ36°C (Fig. 3C) , a condition in which both BAT thermogenesis (Fig. 3A) and cutaneous vasoconstriction are active (Romanovsky et al., 2002) , intracerebroventricular administration of CHA (5 l, 1 mM) produced immediate decreases in HR (Ϫ119 Ϯ 27 bpm, t (5) ϭ 4.321 p ϭ 0.0038), followed by a decrease in TBAT (Ϫ0.8 Ϯ 0.2°C, t (5) ϭ 4.403 p ϭ 0.0035) that was accompanied by steady declines in both TCORE (Ϫ0.5 Ϯ 0.1°C, t (5) ϭ 5.117, p ϭ 0.0019) and in TPAW (Ϫ0.8 Ϯ 0.3°C, t (5) ϭ 2.570, p ϭ 0.025). Since the decline in TPAW under these conditions could have been due either to a CHAstimulated increase in cutaneous vasoconstriction or to a passive fall in TPAW due to the fall in TCORE, we injected CHA intracerebroventricularly in rats with a warm skin and TCORE Ͼ37°C to approximate a thermoneutral condition with partial dilation of the cutaneous blood vessels and inhibition of basal thermoregulatory BAT thermogenesis. In warmed rats, intracerebroventricular CHA also produced a fall in TPAW (Ϫ2.4 Ϯ 1°C, t (5) ϭ 2.235, p ϭ 0.033) similar to that in the cooled rats, even though there was no change in either TBAT (Ϫ0.2 Ϯ 0.1°C, t (5) ϭ 1.858, p ϭ 0.06) or TCORE (Ϫ0.9 Ϯ 0.6°C, t (5) ϭ 1.502, p ϭ 0.1935). Similar to the rats under a cool condition, intracerebroventricular CHA also evoked a large fall in HR (Ϫ105 Ϯ 13 bpm, t (5) ϭ 7.969, p ϭ 0.0003) in warmed rats. These data indicate that, in contrast to the inhibition of the SNA driving cold-defensive BAT thermogenesis (Fig. 3 A, B) , intracerebroventricular CHA supports colddefensive cutaneous vasoconstrictor sympathetic outflow to reduce heat loss.
NTS neurons are activated by intracerebroventricular administration of CHA
The iNTS contains a dense localization of A1ARs (Carrettiero and Fior-Chadi, 2004; Pickel et al., 2006 ) and a potent inhibition of BAT SNA and BAT thermogenesis follows nanoinjection of the GABA A antagonist bicuculline into the iNTS (Cao et al., 2010) . To determine the potential role of an activation of BAT sympathoinhibitory neurons in iNTS in the hypothermic, torporlike state induced by intracerebroventricular administration of CHA, we tested the hypothesis that iNTS neurons are activated (i.e., express c-fos) during the hypothermia evoked by intracerebroventricular CHA. In rats exposed to a TAMB of 15°C, intracerebroventricular CHA (5 l, 1 mM), but not intracerebroventricular saline (5 l, 154 mM), produced a precipitous fall in TCORE (Fig. 4A) paralleling that seen in the chronically instrumented rats (Fig. 1B) . TCORE in CHA-treated rats was lower than in saline-treated rats at each time point after injection (15 min, p ϭ 0.0054; 30, 45, 60, and 75 min, p ϭ 0.0011; uncorrected Mann-Whitney test). The number of c-fos-expressing neurons in the ϳ1300 m extent of the iNTS between bregma Ϫ13.5 and Ϫ14.8 mm (Paxinos and Watson, 2007) was greater in CHAtreated rats than in those receiving intracerebroventricular saline (Fig. 4B--D; two-way repeated measure ANOVA; interaction F (4,24) ϭ 5.041, p ϭ 0.0043; position F (4,24) ϭ 5.688, p ϭ 0.0023; treatment F (1,6) ϭ 5.744, p ϭ 0.0535) for the position relative to bregma of Ϫ14.4 mm (t (30) ϭ 3.020, p ϭ 0.0256), of Ϫ14.04 mm (t (30) ϭ 2.859, p ϭ 0.0383), and of Ϫ13.68 mm (t (30) ϭ 2.838, p ϭ 0.0403). No differences were observed at bregma Ϫ14.76 mm (t (30) ϭ 0.4840, p Ͼ 0.9) or Ϫ13.56 mm (t (30) ϭ 1.371, p Ͼ 0.9). CHA (Fig. 4C ), but not saline (Fig. 4D) , treatment also caused a marked c-fos expression in the ependymal cells lining the fourth ventricle and the central canal. A similar ependymal cell c-fos expression was also reported in the ground squirrel during torpor (Bratincsák et al., 2007) and following peripherally delivered purinergic drug treatment (Dragunow and Faull, 1989) . No functional explanation has been ascribed to these observations and we cannot exclude a direct effect of CHA on ependymal cells (Briski and Marshall, 2001) . Some of the catecholaminergic (i.e., TH-ir) neurons in iNTS expressed c-fos following intracerebroventricular administration of CHA and of saline (Fig. 4C,D) , but there was no difference in the number of double-labeled (i.e., THϩ/c-fosϩ) iNTS neurons between the two groups (two-way repeated measure ANOVA, interaction F (4, 24) To determine whether there was an anatomical substrate for iNTS neurons that were activated by intracerebroventricular CHA to project directly to BAT sympathetic premotor neurons in the rRPa (Morrison et al., 2012) , we injected the retrograde tracer CTb into the rRPa of four rats. We observed only a few, scattered CTb-ir neurons in the iNTS, averaging 4 Ϯ 0.5 cells per 30 m section between bregma Ϫ14.8 and Ϫ13.7 mm and with no consistent clustering (Fig. 5) . In agreement with earlier retrograde tracing studies of inputs to rRPa (Hermann et al., 1997; Yoshida et al., 2009) , we conclude that few, if any, iNTS neurons project directly to the rRPa, although we cannot completely exclude the possibility that some iNTS neurons might project to a slightly more caudal extension of the RPa, which also participates in the control of BAT thermogenesis (Cerri et al., 2010) .
A1AR activation in iNTS inhibits BAT thermogenesis and reduces TCORE
The findings that CHA increased the number of c-fos-ir neurons in iNTS and that activation of iNTS neurons produces an inhibition of BAT SNA and BAT thermogenesis (Cao et al., 2010) support the hypothesis that the intracerebroventricular CHAevoked inhibition of thermogenesis and the ensuing fall in TCORE result from an activation of BAT sympathoinhibitory neurons in iNTS. To determine whether direct activation of A1ARs in iNTS inhibits BAT SNA, skin and core cooling (TCORE: 36.2 Ϯ 0.3°C, n ϭ 7) were used to induce a basal thermoregulatory level of BAT SNA that was 1100 Ϯ 306% of the control BAT SNA when the rats were warm. Subsequent bilateral nanoinjection of CHA (60 nl, 1 mM) into the iNTS (Fig. 6C) produced a rapid and strong inhibition of cooling-evoked BAT SNA and a long-lasting decline in BAT thermogenesis (Fig. 6 A, B) . At 20 min following CHA administration, BAT SNA was decreased by Ϫ75 Ϯ 5% of the level before CHA injection (t (7) ϭ 3.129, p ϭ 0.008). Concomitantly, TBAT fell Ϫ1.2 Ϯ 0.2°C (t (7) ϭ 5.290, p ϭ 0.0006), expired CO 2 fell Ϫ0.3 Ϯ 0.1% from a baseline of 4.8 Ϯ 0.3% (t (7) ϭ 2.598, p ϭ 0.017), TCORE fell Ϫ0.2 Ϯ 0.1°C (t (7) ϭ 2.077, p ϭ 0.04), HR was reduced Ϫ15 Ϯ 5 bpm (t (7) ϭ 2.773, p ϭ 0.014), and mean AP increased 26 Ϯ 3 mmHg (t (7) ϭ 8.830, p Ͻ 0.0001). TPAW was unchanged ( p ϭ 0.1).
To determine whether the direct injection of CHA caused activation of sympathoinhibitory neurons in iNTS, we made bilateral nanoinjections into iNTS of the GABA A agonist muscimol (60 nl, 1 mM) after bilaterally nanoinjecting CHA (60 nl, 1 mM) into the iNTS. Muscimol nanoinjection into iNTS (Fig. 6C) reversed the CHA-evoked BAT sympathoinhibition, as well as the CHA-evoked falls in BAT thermogenesis (i.e., TBAT) and in expired CO 2 , an indirect measure of overall metabolism (Fig.  6 A, B) . At 10 min after muscimol nanoinjections into iNTS, BAT SNA was increased (t (4) ϭ 4.456, p ϭ 0.0056) to a level that was not different from that before the CHA nanoinjections into iNTS (pre-CHA 724 Ϯ 184% vs postmuscimol 1033 Ϯ 142%, t (4) ϭ 1.428 p ϭ 0.2266). The return of BAT SNA was followed by increases in TBAT ϩ0.8 Ϯ 0.3°C (t (4) ϭ 2.661, p ϭ 0.028) and expired CO 2 ϩ0.3 Ϯ 0.1% (t (4) ϭ 2.562, p ϭ 0.031) from a baseline of 4.2 Ϯ 0.2%. Muscimol injections into iNTS did not elicit any changes in TCORE (Ϫ0.01 Ϯ 0.05°C, t (4) ϭ 0.1669, p ϭ 0.4), HR (ϩ7 Ϯ 5 bpm, t (4) ϭ 1.402, p ϭ 0.1), mean AP (Ϫ6 Ϯ 8 mmHg, t (4) ϭ 0.7304, p ϭ 0.2528), or TPAW (Ϫ0.3 Ϯ 0.2°C, t (4) ϭ 1.868, p ϭ 0.07). Since muscimol nanoinjection is expected to inhibit local neurons with GABA A receptors, the finding that muscimol in iNTS reverses the BAT sympathoinhibition elicited by CHA in iNTS is consistent with our proposal, also supported by the finding of CHA-induced c-fos in iNTS neurons (Fig. 4) , that CHA elicits an increase in the discharge of iNTS neurons whose activity results in an inhibition of BAT SNA.
Blockade of A1ARs in NTS prevents the CHA-evoked inhibition of BAT thermogenesis
To confirm the receptor specificity of the BAT sympathoinhibition evoked by CHA, we tested the CHA-evoked inhibition of BAT SNA following pretreatment of the iNTS with the specific A1AR antagonist CPT. When bilaterally nanoinjected into iNTS (Fig. 7B) , neither vehicle (60 nl) nor CPT (120 nl, 3 mM) had any effect on the measured variables (Fig. 7 A, C) . In particular, neither agent evoked a change in the elevated level of BAT SNA elicited by skin and core cooling. In contrast to the nearly com- plete inhibition of BAT SNA following CHA nanoinjection into iNTS in the absence of CPT pretreatment (Fig. 6) , the level of BAT SNA was unchanged by bilateral nanoinjections of CHA (60 nl, 1 mM) into iNTS following CPT injections into iNTS (baseline: 108 Ϯ 7% vs CHA 107 Ϯ 18%, t (23) ϭ 0.07, p Ͼ 0.9). Excitation of local iNTS neurons with bilateral nanoinjections of the excitatory amino acid NMDA (60 nl, 0.2 mM) evoked a prompt and nearly complete inhibition of BAT SNA (Ϫ94 Ϯ 18%, t (23) ϭ 5.039, p ϭ 0.0002). This result, indicating the maintained excitability of BAT sympathoinhibitory neurons in iNTS, suggests that CPT did not produce a generalized inhibition of local iNTS neurons, but rather a specific blockade of local A1AR-mediated responses. Subsequent intracerebroventricular administration of CHA (5 l, 1 mM) following bilateral nanoinjection of CPT (120 nl, 3 mM) into iNTS also did not change any of the measured variables, including BAT SNA, which, at 10 min following the intracerebroventricular administration of CHA, was not different from the baseline level before any iNTS injections (baseline 108 Ϯ 7% vs CHA 108 Ϯ 3%, t (23) ϭ 0.03, p Ͼ 0.9). These data demonstrate that A1AR activation in iNTS is necessary for the BAT sympathoinhibitory effect of locally administered CHA, as well as that of CHA administered intracerebroventricularly (Fig. 3A) . Together with the result exemplified in Figure 6 , the demonstration that activation of iNTS neurons elicits an inhibition of BAT SNA (Fig. 7, NMDA response) , and the finding that blockade of GABA A receptors in iNTS produces an inhibition of BAT SNA (Cao et al., 2010) , these data are consistent with a model in which the BAT sympathoinhibitory effect of A1ARs in iNTS is due to a disinhibition of local BAT sympathoinhibitory neurons arising from a presynaptic effect of CHA to reduce GABA release onto these neurons.
A1AR activation in iNTS inhibits shivering
In addition to BAT, shivering thermogenesis is also engaged by central thermoregulatory networks to combat falls in TCORE during exposure to a cold ambient environment (Nakamura and Morrison, 2011) . Thus, we hypothesized that central A1AR activation, in particular within the iNTS, would also inhibit cooling-evoked shivering. Episodes of skin cooling (⌬TSKIN, ϳϪ4.5°C; TCORE, Ͻ36°C) following the injection of saline vehicle into iNTS produced increases in the EMGs of the jaw, neck, and leg muscles that were not different from those evoked by similar episodes of skin cooling applied before saline injection (Fig. 8) . Activation of local A1ARs with bilateral nanoinjections of CHA (60 nl, 1 mM) into iNTS (Fig. 8C ) markedly reduced the skin cooling-evoked shivering in the jaw (Ϫ99 Ϯ 0.1%, t (4) ϭ 5.954, p ϭ 0.002) and neck (Ϫ96 Ϯ 2%, t (4) ϭ 3.556, p ϭ 0.011) muscles, but not in the leg muscle. Speculatively, the finding that CHA into the iNTS failed to inhibit shivering selectively in the leg could arise from a somatotopic organization of NTS neurons that inhibit shivering, or perhaps a requirement for activation of a greater number of shivering-inhibiting neurons in NTS to inhibit larger muscles in the leg compared with smaller muscles in the neck or jaw. 
Discussion
Our principal finding is that although rats are a nonhibernating mammal, when they are maintained in a cool ambient environment, central activation of A1ARs produces a deep hypothermic state that resembles torpor in several respects, including a major reduction in core body temperature and indices of metabolism. The significant fall in TCORE is due mainly to the central A1AR-evoked reduction in metabolic heat production, initiated and sustained by the inhibition of cold-defensive BAT and shivering thermogenesis, complemented by the subsequent fall in cellular metabolism occurring as body temperature falls. We discovered that neurons located in the iNTS play a key role in the A1AR-mediated hypothermic, torpor-like state: A1ARs in iNTS drive a central inhibition of BAT and shivering thermogenesis, which suspends critical cold-defense mechanisms and allows TCORE to fall to levels dependent on the TAMB. This A1AR-mediated inhibition of thermogenesis likely arises from activation of the BAT sympathoinhibitory pathway emanating from iNTS that was initially revealed by the potent inhibition of BAT SNA and BAT thermogenesis following neuronal disinhibition in iNTS (Cao et al., 2010) . A1ARs are characterized as inhibitory receptors since their activation on synaptic terminals inhibits neurotransmitter release, while their somatic activation decreases excitability via GIRK channel activation (Wetherington and Lambert, 2002) . Thus, A1AR-mediated inhibition of BAT and shivering thermogenesis could be accomplished by A1AR inhibition of tonic GABA release (Ulrich and Huguenard, 1995; Pickel et al., 2006) onto thermogenesisinhibitory iNTS neurons (Cao et al., 2010), allowing an increase in their discharge and a consequent inhibition of BAT and shivering thermogenesis. Consistent with this model are the findings that A1ARs are localized in the iNTS (Carrettiero and FiorChadi, 2004) , including on GABAergic terminals (Pickel et al., 2006) ; that intracerebroventricular CHA elicits increased c-fos expression in iNTS neurons (Fig. 4) , that local nanoinjection of CHA into iNTS inhibits BAT SNA (Fig. 6) and shivering (Fig. 8) , and that A1AR blockade in iNTS prevents the inhibition of BAT thermogenesis evoked by intracerebroventricular CHA (Fig. 7) . While the latter observation indicates that A1AR activation in iNTS is required for the inhibition of thermogenesis that leads to the hypothermia following intracerebroventricular CHA, it does not preclude parallel A1AR-mediated effects at other central thermoregulatory sites (Morrison et al., 2008) . Thus, although intracerebroventricular AMP produces hypothermia (Muzzi et al., 2013) , the finding that AMP alters the discharge of preoptic area neurons in vitro (Muzzi et al., 2013) does not indicate that preoptic area neurons play a role in AMP-evoked hypothermia since intracerebroventricular AMP would also activate A1ARs in iNTS. Additionally, not all thermally responsive neurons in the preoptic area are involved in thermoregulation, but may play a role in EEG state changes (Berner and Heller, 1998) , a dramatic characteristic (Fig. 1) of the central A1AR-evoked, torpor-like state.
The A1AR-evoked inhibition of BAT and of shivering thermogenesis likely arises from the inhibition of the sympathetic and somatic premotor neurons in rRPa that control these colddefense thermal effectors (Nakamura and Morrison, 2011; Morrison et al., 2012). Indeed, inhibition of rRPa neurons produces hypothermia (Cerri et al., 2013) similar to that following central CHA administration. However, we found no anatomical support for a direct projection from the rat iNTS to the rRPa, as recently suggested in the mouse (Kong et al., 2012) . Thus, the inhibition of BAT and shivering thermogenesis evoked from the iNTS likely results from activation of a multisynaptic pathway between iNTS and rRPa that produces either (1) a direct inhibition of rRPa thermal effector premotor neurons, such as that from ventrolateral medullary neurons , or (2) an inhibition of an excitatory input to these rRPa premotor neurons, such as that from the dorsomedial hypothalamus (Nakamura and Morrison, 2007, 2011) , which is essential for the cold-defense activations of BAT and shivering thermogenesis.
Both the inhibition of thermogenesis evoked by intracerebroventricular CHA and naturally occurring torpor (Lyman, 1961; Lyman and O'Brien, 1963; Heller et al., 1977; Milsom et al., 1999; Geiser, 2004) are accompanied by an increased cutaneous vasoconstriction, suggesting a unique thermoregulatory paradigm in which a reduced metabolic heat production allows TCORE to fall to low levels, simultaneous with a maintained cutaneous vasoconstriction that would slow heat loss and limit the rate of fall of TCORE. A1AR activation in iNTS increases AP (McClure et al., 2011) due to vasopressin secretion (McClure et al., 2009) and to increased vasoconstriction, including in the cutaneous bed (McClure et al., 2005) . These effects could arise from a reduced effectiveness of the baroreceptor reflex elicited by A1AR activation in NTS (Scislo et al., 2008) , a finding that also argues against a baroreceptor reflex relationship between the CHA-evoked increase of AP and the accompanying bradycardia. Bradycardia is also a consistent response to A1AR activation in iNTS (Barraco et al., 1991; Scislo et al., 2001) and is an initial physiological manifestation of both natural torpor (Lyman, 1961; Milsom et al., 1999; Jinka, 2012) and central administration of CHA (Figs. 1, 3, 6 ). In both of the latter cases, the bradycardia is associated with periods of irregular HR, characterized by skipped heartbeats and frequent episodes of transient bradycardia (Fig. 2) . The skipped heartbeats and subsequent transient bradycardic episodes following intracerebroventricular CHA were vagally mediated since they were eliminated by atropine, as were similar skipped heartbeats and bradycardia occurring during natural torpor (Lyman and O'Brien, 1963; Milsom et al., 1999) . Since these vagally mediated, skipped heartbeats and transient bradycardias were most often associated with nucal muscle EMG bursts, we speculate that they represent respiratory sinus arrhythmias initiated by respiratory gasping events (Huang et al., 2006) reflected in the nucal muscle bursts.
Paralleling naturally occurring torpor, the physiological state induced by central A1ARs is characterized by a marked shift from euthermic, cardiorespiratory, and metabolic homeostasis to a hypothermic, hypometabolic, bradycardic steady state in which the EEG amplitude is significantly reduced (Benington et al., 1995; Deboer and Tobler, 1995; Deboer, 1998) and thus different from a sleep state. Neurons in the NTS can also influence the EEG (Golanov and Reis, 2001 ) and likely mediate the anticonvulsive effects of vagal stimulation (Magdaleno-Madrigal et al., 2010) . Central A1AR activation in rodents produces EEG synchronization (Ticho and Radulovacki, 1991; Benington and Heller, 1995; Schwierin et al., 1996; PorkkaHeiskanen et al., 2003; Saper et al., 2005) and thalamic A1AR activation suppresses EEG amplitude (Ulrich and Huguenard, 1995) . Whether the changes in EEG evoked by intracerebroventricular CHA in awake rats is dependent on A1AR activation in NTS remains to be assessed.
Adenosine release in NTS may also contribute to the compensatory responses to hypoxia (Yan et al., 1995) , hemorrhage (Scislo and O'Leary, 2006), or hypoglycemia (Haas and Selbach, 2000) , circumstances in which a reduced metabolic energy consumption (Madden and Morrison, 2005; could reduce tissue damage and promote survival. A chronic activation of A1ARs in NTS could reduce energy expenditure and induce a metabolic imbalance predisposing to obesity. In this regard, both chronic sleep deprivation (Knutson and Van Cauter, 2008; Van Cauter et al., 2008) and the hypoxic exposure of sleep apnea (Panossian and Veasey, 2012) are significantly correlated with obesity and with elevated central adenosine levels (PorkkaHeiskanen et al., 2000; Elmenhorst et al., 2009; PorkkaHeiskanen and Kalinchuk, 2011) . The sources of endogenous A1AR ligand and the circumstances under which the A1AR activated by our CHA administration are normally activated remain to be determined. Indeed, it may be that species that are not naturally torpid, never simultaneously activate the wide distribution of A1ARs activated by our intracerebroventricular administration.
In conclusion, activation of central A1ARs leads to a hypometabolic, torpor-like state in the nonhibernating rat. This hypothermia is dependent on a potent inhibition of cold-defensive BAT and shivering thermogenesis mediated by A1AR activation in the iNTS. Although the contribution of A1ARs in the iNTS to other aspects of the central A1AR-generated, torpor-like state remains to be determined, the coincidence of the wide array of homeostatic physiological and behavioral functions influenced by the NTS and those that are "reset" during natural torpor, in combination with the significant role of A1AR activation in the induction and maintenance of natural torpor (Jinka et al., 2010; Iliff and Swoap, 2012) , are consistent with a key role for elevated adenosine, or AMP (Muzzi et al., 2013) , in the NTS in initiating the altered homeostatic and behavioral state in natural torpor. These results provide a window into a novel central mechanism for the regulation of metabolism and suggest a novel approach to producing a hypometabolic state in nonhibernating species, including human, with potential therapeutic applications in brain or myocardial ischemia, traumatic brain injury, or lifethreatening fever.
